We investigated the host-range restriction of a vaccinia virus (V V) K1L deletion mutant in rabbit kidney RK13 cells and the ability of the nonhomologous cowpox virus CP77 gene to overcome this block. Viral early mRNAs were made by K1L 0 V V but early protein synthesis was arrested consistent with a translational block. Replication of viral DNA did not occur and neither intermediate nor late mRNAs or proteins were detected. These results indicated that host-range restriction occurs earlier in RK13 cells than in Chinese hamster ovary cells (CHO) cells infected with CP77 0 V V, where the block occurs at translation of intermediate stage mRNA. We confirmed a report (Perkus et al., Virology 179, 276-286, 1990) that the CP77 gene, which allows V V replication in CHO cells, could replace the K1L gene for plaque formation in RK13 cells. However, the size of the plaques formed by K1L 0
INTRODUCTION
within the same segment of deleted DNA but further showed that K1L was specifically required for replication Although Orthopoxviruses can infect a wide variety of in rabbit kidney (RK13) cells. Deletions of other Orthopoxmammalian and avian cells, there are host-range muvirus genes have produced host-specific effects that will tants that fail to replicate in specific lines derived from not be considered here (Ali et al., 1994; Brooks et al., pig kidney (Fenner and Sambrook, 1966; Lake and Coo-1995; Takahashi-Nishimaki et al., 1991 ). per, 1980 Moyer et al., 1980; Moyer and Graves, 1982) , Initial host-range studies with the Copenhagen strain Chinese hamster ovary (CHO) (Drillien et al., 1978;  of VV in CHO cells demonstrated a block at an early Njayou et al., 1982) , or human sources (Drillien et al., stage of the replication cycle accompanied by rapid inhi-1981; Meyer et al., 1991; Perkus et al., 1990) . These mubition of host and viral protein synthesis (Drillien et al. , tants provide a unique opportunity to investigate specific 1978; Njayou et al., 1982) . More recent investigations virus/host interactions. The CHO host-range defect of with the WR strain of VV indicated that synthesis of vaclaboratory strains of vaccinia virus (V V) can be complecinia viral early mRNA and proteins, DNA, and intermedimented by the cowpox CHO hr gene, also called CP77 ate stage mRNAs occurred but neither intermediate viral (Spehner et al., 1988) . VV has a CP77 homolog but the proteins nor late mRNAs or proteins were made in CHO open reading frame is interrupted in strain WR (Kotwal cells (Ramsey-Ewing and Moss, 1995) . Ink et al. (1995) and and deleted in strain Copenhagen reported that apoptosis occurred in CHO cells infected (Goebel et al., 1990) . A spontaneous human host-range with VV or VV recombinants expressing the cowpox mutant VV, isolated by Drillien et al. (1981) , contains a CP77 gene but was delayed under the latter conditions. large deletion near the left end of the genome. Marker
Relationships between apoptosis, inhibition of viral intertransfer experiments indicated that the human hostmediate protein synthesis and host restriction remain to range defect could be overcome by insertion of the K1L be determined, since only a minority of cells appear to gene, one of several open reading frames contained undergo this type of cell death (Ramsey-Ewing, unpubwithin the deleted DNA segment (Gillard et al., 1985, lished) . 1986). Subsequently, Perkus et al. (1990) discovered a Drillien et al. (1981) reported that the VV mutant with functionally equivalent human host-range gene, C7L, the large deletion encompassing both K1L and C7L was blocked at an early stage of replication in human cells: cytoplasmic RNA synthesis and viral protein synthesis greatly reduced. Both ectromelia virus and vaccinia virus transferase (gpt) selection, viruses were isolated by plaquing on BS-C-1 monolayer cultures in the presence of with K1L deletions exhibited transient synthesis of viral proteins in RK13 cells (Chen et al., 1993; Sutter et al., 25 mg/ml mycophenolic acid (MPA), 250 mg/ml xanthine, and 15 mg/ml hypoxanthine as described (Falkner and 1994) . Using the modified vaccinia virus Ankara (MVA) strain which has a truncated K1L gene (Meyer et al., Moss, 1988) . RK13 cells were grown in MEM supplemented with 10% FCS. CHO cells were grown in Ham's 1991), Sutter et al. (1994) . invalidating direct comparisons with more standard V V strains such as WR or Copenhagen.
Recombinant viruses Perhaps the most remarkable feature of the host-range genes CP77, K1L, and C7L is their apparent functional Protocols for construction of recombinant VV by homologous recombination at the thymidine kinase (tk) loequivalence despite the absence of any evident sequence similarities. Perkus et al. (1990) discovered that:
cus have been published (Earl and Moss, 1991) . For recombinant viruses in this study, we used a dual reporter (i) C7L is functionally equivalent to K1L for replication in human cells; (ii) C7L can be distinguished from K1L by plasmid (pREbCAT) with TK flanking sequences in which the cat gene, encoding chloramphenicol acetyltransferits inability to replace K1L for replication in RK13 cells; (iii) CP77 can substitute for K1L in RK13 cells; and (iv) ase (CAT), is regulated by a viral early promoter (virus growth factor, VGF), and the lacZ gene, encoding b-ga-K1L, C7L, or CP77 allows replication of VV in pig kidney cells. The efficiency of complementation, however, canlactosidase (bGAL), is regulated by a viral late promoter (11K structural protein) (Ramsey-Ewing and Moss, 1995) . not be deduced from this initial report, since only the plaque titers in various cell lines were reported with no
The pREbCAT plasmid was then coprecipitated with VV WR viral DNA and transfected into VV WR-infected CV-1 information regarding plaque sizes or virus yields. Virus yield experiments of Oguiura et al. (1993) and the cells were washed twice with ice-cold PBS and then incubated at 37Њ for 3 to 5 min with hypotonic lysis Analysis of viral genome replication buffer [20 mM Tris -HCl (pH 8.0), 10 mM NaCl, 0.5% Nonidet P-40 (NP-40)]. The lysate was collected and centri-RK13 cells were infected with recombinant viruses at fuged for 2 min at 12,000 g to pellet nuclei. The supernaa multiplicity of 10 plaque-forming units (PFU)/cell. At tants containing 35 S-labeled polypeptides were stored at various times, cells were washed twice and scraped in 020Њ. A portion of each sample was mixed with an approphosphate-buffered saline (PBS). The cell pellet was repriate volume of SDS/2-mercaptoethanol sample buffer suspended in lysis buffer [20 mM Tris -HCl (pH 8.0), 10 and boiled for 5 min. The samples were resolved by mM EDTA, 0.75% sodium dodecyl sulfate (SDS), 570 mg/ electrophoresis in SDS 10% polyacrylamide gels. ml proteinase K] and viral DNA was isolated by phenol/ chloroform extraction and ethanol precipitation as deWestern blot analysis scribed (Earl and . Viral DNA samples were applied to a nylon filter using a slot blot apparatus as Pellets from 10 6 infected cells were incubated with described by the manufacturer (Hoefer) and hybridized 100 ml lysis buffer [20 mM Tris -HCl (pH 7.0), 0.5% to cat DNA sequences that had been labeled by random Triton X-100 in PBS] for 5 min at 37Њ. Lysates were oligonucleotide priming as specified by the manufacturer centrifuged at 14,000 g for 5 min and the supernatants (Promega). stored at 020Њ. A portion was mixed with 51 SDS/2-mercaptoethanol sample buffer (5 to 3, Inc.), boiled Analysis of reporter gene expression for 5 min, and proteins were resolved in SDS 10% polyacrylamide gels. Proteins were electrotransferred to Cells were infected with recombinant viruses at a mulnitrocellulose membranes and incubated with polytiplicity of 30 PFU/cell. At various times after infection, clonal antiserum to vaccinia virus at 1:500 overnight the cells were washed twice with PBS and incubated for at 4Њ and then 125 I-protein A overnight at 4Њ. 15 min at 37Њ in 11 reporter lysis buffer (Promega). The lysate was centrifuged and the supernatant retained for Immunoprecipitation further analysis. Protein content of each lysate was determined colorimetrically using the Pierce Coomassie blue Cells were infected with recombinant viruses at a multiplicity of 30 PFU/cell, labeled with [ 35 S]methionine as reagent. Either equal volumes of lysates or equal amounts of protein were used in bGAL assays as dedescribed above, and harvested at various times. Lysates were prepared in isotonic lysis buffer [50 mM Tris-HCl scribed by the manufacturer (Promega). Standard protein and enzyme activity curves were prepared for quantita-(pH 8.0), 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 100 mg/ml phenylmethylsulfonyl fluoride, 1% NP-40], centive analysis of assay results.
For in situ analysis of bGAL expression, RK13 cells trifuged to remove nuclei, and then incubated with polyclonal antiserum to vaccinia virus at a 1:500 dilution at 4Њ were infected with serial dilutions of recombinant virus stocks. At 24 hpi, infected cell monolayers were washed overnight. An equal volume of 20% Protein A -Sepharose beads in PBS was added and incubation continued at twice with PBS and then fixed in 1% gluteraldehyde in 0.1 M sodium phosphate (pH 7.0), 1 mM magnesium room temperature for an additional 2 to 3 hr or at 4Њ overnight. Immune complexes were washed twice in Trichloride for 15 min at room temperature. Assay buffer [0.2% 5-bromo-4-chloro-3-indolyl-b-D-galactosidase (Xton buffer [300 mM NaCl, 50 mM Tris -HCl (pH 7.4), 0.1% Triton X-100]. Proteins from immunoprecipitation reacGal) in 10 mM sodium phosphate (pH 7.0), 1 mM magnesium chloride, 150 mM sodium chloride, 3.3 mM potastions were recovered by boiling in sample buffer and then binant viruses K1L
/ were prepared in BS-C-1 cells which are permissive for all of them.
Cell-dependent replication of recombinant vaccinia viruses
To examine the functional relationship between the K1L and CP77 genes, we infected BS-C-1 or RK13 cells with individual recombinant viruses and stained the plaques by an in situ bGAL assay 24 hr later. The staining assay depends on late expression of the lacZ gene and can measure virus spread even in the absence of strong cytopathic effects. The recombinant viruses generated RK13 cells were enlarged fourfold relative to the BS-C-1 cells in order to better show the small K1L 0 CP77
/ resolved by electrophoresis in SDS 10% polyacrylamide plaques. These results indicated that CP77 compensated gels.
for the absence of K1L but that virus spread, as revealed by plaque formation, was inefficient under these condiPreparation and analysis of viral RNA tions.
To quantitate virus replication, RK13 cells were inViral RNA was isolated from cells that had been infected with recombinant viruses and the yields were defected with recombinant viruses at a multiplicity of 30 termined at 12, 24, 48, and 72 hr (Fig. 3) . The growth PFU/cell. At various times after infection, the cells were curves of K1L / CP77 0 and K1L / CP77 / were virtually suwashed twice in ice-cold PBS and then pelleted. Approxiperimposable, indicating that the CP77 gene does not mately 10 6 infected cells were lysed in 100 ml of Direct provide an enhancing effect when the K1L gene is funcProtect lysis buffer and aliquots of the lysates added to tional. By contrast, the presence of the CP77 gene en-50-ml hybridization reactions and processed as specified hanced the replication of K1L 0 virus by 1 to 2 logs ( 
CP77
/ PCR-generated DNA templates as described by the manwere identical in BS-C-1 cells, indicating the cell-specific ufacturer (Promega). Probes used in these studies were nature of the mutations (Table 1 ). The functionality of the transcribed from the following templates: CAT and bGAL, CP77 gene in K1L 0
/ was demonstrated by a 2-to 3-plasmids pTRI-cat and pTRI-bGAL (Ambion); and A1L, log increase in virus titer, compared to the corresponding plasmid pGEM17K (Baldick et al., 1992) . CP77 0 virus in CHO cells (Table 1) . We concluded that the CP77 gene enhanced replication of a K1L 0 VV in RESULTS RK13 cells but to a lesser extent than in CHO cells. The effect of host-range genes on cell viability was Construction of recombinant vaccinia viruses determined using a trypan blue exclusion assay. The data indicated a correlation between loss of viability and To facilitate comparisons, the recombinant viruses used in these studies (Fig. 1) hybridized with a labeled DNA probe. In cells infected nuclease for the methylated input plasmid DNA; replication is revealed by the accumulation of high-molecularwith K1L
/ VV, the amount of viral DNA increased within 4 hr and thereafter (Fig. 4) ) V V infection of state RNA levels were determined by nuclease protec-RK13 cells and remained at high levels ( Fig. 6) , in tion assays. The cat gene, regulated by the early VGF contrast to the more rapid decline previously seen in promoter, was chosen to measure early mRNA. Acsynchronously infected HeLa suspension cells (Balcordingly, a 32 P-labeled antisense CAT RNA probe was dick and Moss, 1993) . During infection with prepared. The nuclease protection data indicated that K1L 0 CP77 0 VV, only a minute amount of A1L mRNA CAT RNA peaked at 2 hr after infection then dramatiwas detected at 24 hr. By contrast, in RK13 cells incally declined in wild-type (K1L / CP77 0 ) VV-infected fected with K1L 0 CP77 / , A1L RNA was readily detected cells (Fig. 6) cell and harvested at the indicated times after infection. Aliquots were used for protein determinations and spectrophotometric bGAL assays.
Viral protein synthesis in RK13 cells
with the measurements of bGAL RNA in the previous For initial experiments, we took advantage of the late section. promoter-regulated lacZ gene to compare bGAL syntheMetabolic pulse-labeling followed by SDS-PAGE was sis in RK13 cells infected with the recombinant viruses.
carried out to obtain a global view of protein synthesis In cells infected with K1L
0 VV, bGAL activity was in VV-infected cells. When RK13 cells were infected with detected by 8 hr and progressively increased over a 24-the wild-type virus (K1L / CP77 0 ), the expected pattern of hr period (Fig. 7) . By contrast, bGAL activity remained at viral polypeptide synthesis was observed by autoradiognearly background levels up to 24 hr after infection with raphy ( Fig. 8A) . During the first few hours of infection, K1L 0
CP77
0 VV. When RK13 cells were infected with several bands increased in intensity, suggesting that they K1L 0
/ VV, bGAL synthesis was considerably deare viral early proteins. Viral late proteins were dominant layed and the activity at 24 hr was substantially less than that in cells infected with vK1L with either K1L 0 CP77 0 VV (Fig. 8B ) or K1L 0 CP77 / V V with the different recombinant VV and to rule out any labeling artifacts due to changes in amino acid transport (Fig. 8C) , a short period of early protein synthesis was or pool sizes. In addition, it is difficult to distinguish befollowed by a dramatic reduction of viral and host protein tween cellular proteins and early viral proteins by metasynthesis, so that by 2 hr little metabolic labeling was bolic labeling. With RK13 cells infected with wild-type evident. In RK13 cells infected with K1L
) VV, only early viral proteins were detected tein synthesis never recovered, whereas a remarkable at 1 to 2 hr and late proteins accumulated between 4 recovery occurred by 24 hr in cells infected with and 24 hr (Fig. 9) . In cells infected with K1L
A closer examination of the recovery period the late protein pattern was established between 12 and revealed that protein synthesis resumed at about 9 hpi, 24 hr, whereas that pattern did not occur in cells infected at which time the pattern of bands was similar to that with K1L 0 CP77 0 VV (Fig. 9) . just prior to shutoff and appeared to include some early proteins (Fig. 8D) . By 12 hr, the dominant late pattern of
Recovery of viral early gene expression mediated by proteins was present.
the CP77 gene product Western blot analysis with rabbit antiserum against vaccinia virus was carried out to compare the accumula-
The data thus far suggested that the absence of the K1L gene product imposed a premature arrest of translation of viral proteins synthesized in RK13 cells infected 0 CP77 / VV, we conand Moyer, 1983; Chen et al., 1992; Drillien et al., 1978 ; sidered the possiblity that the CP77 gene product over- Moyer et al., 1980; Njayou et al., 1982; Sutter et al., 1994) . comes RK13 host restriction by slowly facilitating DNA Evaluation of these results is difficult because of varied replication, thereby allowing intermediate and late gene genetic backgrounds of the Orthopoxviruses, some havtranscription to proceed. Against this idea, however, was ing multiple deletions, and because many of the studies the suggestive resumption of viral early protein synthesis preceded present realization of the complexity of Orthoduring the recovery period in RK13 cells infected with poxvirus gene regulation. In the most detailed analysis K1L 0
/ V V seen in both pulse-labeling ( Fig. 8 ) and to date, we reported that in CHO cells infected with VV Western blots (Fig. 9) 
/ VV were much smaller than suggested for the poly(A) leader on late mRNAs (Davison and Moss, 1989b; Stunnenberg et al., 1989 
/ VV was nearly 3 logs higher important promoter motif (Baldick and Moss, 1993) . By contrast, only a few early mRNAs have a 5 poly(A) leader than that of wild-type virus in CHO cells. In addition, the sequence of a PCR copy of the CP77 gene, from (Ahn et al., 1990; Ink and Pickup, 1990) 
/ VV. For the first 6 to 12 hr after infection, the has been suggested (Schnierle and Moss, 1992 ). An alternative possibility to explain the host-range differences presence of the CP77 gene in the K1L deletion mutant had no detectable effect; cessation of viral and cellular is that early or intermediate mRNAs per se are not targeted but that the effects are manifested at early or interprotein synthesis occurred at the same time and to the same extent. Unfortunately, we have not yet obtained mediate times after infection. Thus, a translational defect at early times will effect early mRNA and a translational suitable antiserum to measure the synthesis of the CP77 gene product during this period. The first detectable efeffect at intermediate times will effect intermediate mRNAs just because they are present.
fect of the CP77 gene was the resumption of early protein synthesis at 8 to 10 hr after infection. DNA replication The host-range defect in CHO cells can be overcome by inserting the cowpox virus CP77 gene into the tk locus occurred later, suggesting either that the genomic template had to be uncoated or that the replication machinof VV (strain Copenhagen) which entirely lacks the homologous gene (Spehner et al., 1988) or by repairing the ery had not yet been made or assembled. The latter interpretation was supported by finding a similar delay homologous gene of VV (strain WR) which has multiple frame-shifts (Ramsey-Ewing and Moss, 1995) . Perkus et in the replication of naked plasmid DNA transfected into RK13 cells infected with K1L 0 CP77 / VV. Following DNA al. (1990) reported that the CP77 and K1L genes are functionally equivalent with regard to replication of the replication, intermediate and late mRNAs and proteins were made. Copenhagen strain of VV in RK13 cells. We were especially curious about this result since the genes have no Both pulse-labeling and Western blotting suggested that the remarkable resumption of protein synthesis in evident sequence similarity and our data indicated that the steps at which host restriction occurs in CHO cells RK13 cells infected with K1L 0 CP77 / VV started with early species. This phenomenon was verified by carand RK13 cells are different. If CP77 specifically enhances the translatability of intermediate stage mRNAs, rying out the infection in the presence of an inhibitor of DNA replication. Under these conditions, synthesis then it would be difficult to understand how the block to translation of early mRNAs in RK13 cells is overcome.
of viral early proteins appeared to stop only to start again several hours later, consistent with a translaUsing recombinant VV derived from the WR strain, we confirmed the ability of the CP77 gene under its native tional block that is eventually overcome even without DNA replication. The explanation as to why K1L permits promoter to permit replication of a K1L deletion mutant
